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ABSTRACT
We report non-detections of the ∼ 3×108 yr old, slow, isolated, rotation-powered pulsar PSR J2144–
3933 in observations with the Hubble Space Telescope in one optical band (F475X) and two far-
ultraviolet bands (F125LP and F140LP), yielding upper bounds FF475X < 22.7 nJy, FF125LP < 5.9 nJy,
FF140LP < 19.5 nJy, at the pivot wavelengths 4940 A˚, 1438 A˚ and 1528 A˚, respectively. Assuming a
blackbody spectrum, we deduce a conservative upper bound on the surface (unredshifted) temperature
of the pulsar of T < 42, 000 K. This makes PSR J2144–3933 the coldest known neutron star, allowing
us to study thermal evolution models of old neutron stars. This temperature is consistent with models
with either direct or modified Urca reactions including rotochemical heating, and, considering fric-
tional heating from the motion of neutron vortex lines, it puts an upper bound on the excess angular
momentum in the neutron superfluid, J < 1044 erg s.
Keywords: pulsars: individual (PSR J2144–3933) — stars: neutron — ultraviolet: stars
1. INTRODUCTION
The interior composition of neutron stars (NSs) re-
mains largely unknown fifty years after their discov-
ery, but several observational opportunities exist to test
models of their interiors. For example, measurements
of their mass (e.g., Demorest et al. 2010) and their
radius (e.g., Guillot et al. 2013; Guillot 2016; Steiner
et al. 2018) provide information on the dense matter in
the core of NSs. Other internal microphysics properties
(e.g., superfluid energy gaps, the proton fraction, pos-
sible “pasta” phases) can be probed by studying the
evolution of the NS surface temperature on different
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timescales (for comprehensive reviews, see Yakovlev &
Pethick 2004; Potekhin et al. 2015).
To study the long-term cooling of NSs, one can com-
pare thermal evolution models to the (relatively small)
sample of NSs with measured surface temperatures. A
general property of passive cooling models is that they
predict a rather sharp drop in the temperature once the
emission of neutrinos from the core becomes negligible
compared to that of thermal photons from the surface,
leading to surface temperatures below 104 K after 107 yr
(Yakovlev & Pethick 2004; Potekhin et al. 2015).
Various internal reheating mechanisms had been pro-
posed, but largely ignored until Hubble Space Telescope
(HST ) observations showed the nearest millisecond pul-
sar (MSP), PSR J0437–4715, a Gyr-old object, to emit
far ultraviolet (FUV) radiation consistent with thermal
emission from a NS surface at temperature ∼ 105 K
(Kargaltsev et al. 2004; Durant et al. 2012). Gonzalez &
Reisenegger (2010) showed that, among the previously
proposed heating mechanisms, only two could possibly
account for such a high temperature, namely rotochem-
ar
X
iv
:1
90
1.
07
99
8v
2 
 [a
str
o-
ph
.H
E]
  2
8 M
ar 
20
19
2 S. Guillot et al.
ical heating and vortex friction, both driven by the slow
decrease in the rotation rate of the star. The former is
caused by the decreasing centrifugal force, which com-
presses the stellar matter, causing a chemical imbalance
that drives “Urca reactions” in the NS core. These reac-
tions slowly convert different particle species into each
other (particularly neutron beta decay into a proton, an
electron or muon, and the corresponding anti-neutrino),
releasing energy in the form of neutrinos and excess
heat (Reisenegger 1995; Ferna´ndez & Reisenegger 2005;
Petrovich & Reisenegger 2010). In the latter mecha-
nism, the superfluid neutron vortices move out through
the crustal lattice as the NS spins down, dissipating en-
ergy through friction (Alpar et al. 1984; Shibazaki &
Lamb 1989; Larson & Link 1999).
The measurement of the surface temperature of sev-
eral old NSs would permit testing these mechanisms and
characterizing them accurately. However, at these tem-
peratures (∼ 105 K), the peak of the emission lies in
the extreme ultraviolet, where it is strongly absorbed
by interstellar atomic hydrogen, making it essentially
undetectable. In X-ray observations, the surface emis-
sion can be dominated by the emission from the hot
polar caps (∼ 106 K, likely heated by return currents of
the magnetosphere, Arons 1981; Harding & Muslimov
2001, 2002). Disentangling this from the rest of the sur-
face may require broad-band X-ray spectral analysis (see
Durant et al. 2012; Guillot et al. 2016, for the analyses
of PSR J0437–4715). However, in the FUV band, the
Rayleigh-Jeans (RJ) tail of the ∼ 105 K surface emission
may be dominant and detectable by the HST.
We have obtained optical and FUV images of three
old pulsars (two classical [slow] pulsars and one MSP) to
detect their thermal emission RJ tail and measure their
surface temperatures. For the MSP PSR J2124–3358,
we measured a surface temperature in the range 50,000–
260,000 K, which accounts for the poor knowledge of
the extinction, the uncertain distance, and the possi-
bility of non-thermal emission (Rangelov et al. 2017).
For the classical pulsar PSR B0950+08, we obtained
a surface temperature in the range 130,000–250,000 K
(Pavlov et al. 2017), by combining our HST observa-
tions to archival HST and Very Large Telescope (VLT )
data. Although the distance to PSR B0950+08 is accu-
rately known, the extinction and the presence of non-
thermal emission contribute to the uncertainties of the
temperature measurement.
Here, we present the observations of the third pulsar
of our HST program, PSR J2144–3933 (J2144, here-
after). This isolated pulsar is one of the slowest among
rotation-powered pulsars, with spin period P = 8.51 s.
Its period and period derivative (P˙ = 4.05×10−16 s s−1,
Table 1. HST observations of PSR 2144–3933
Date (MJD) Instrument Filter Exposure (s)
57118 WFC3/UVIS F475X 2552
57211 ACS/SBC F125LP 3695
57211 ACS/SBC F140LP 1233
57224 ACS/SBC F125LP 3695
57224 ACS/SBC F140LP 1233
Young et al. 1999, corrected for the Shklovskii effect;
Shklovskii 1970, see also Deller et al. 2009; Tiengo et al.
2011), correspond to a surface dipolar magnetic field
B = 1.9×1012G, which place J2144 close to (or beyond)
the death line of pulsars in the P–P˙ diagram. These
spin properties imply a very low rate of rotational en-
ergy loss, E˙ = 2.6×1028 erg s−1, and one of the largest
characteristic ages measured for non-recycled pulsars,
τ ≡ P/[2P˙ ] = 333 Myr. Located at a relatively small
and accurately measured distance, d = 165+27−14 pc (Deller
et al. 2009), or d = 172+20−15 pc, after correction for the
Lutz-Kelker bias (Lutz & Kelker 1973; Verbiest et al.
2010), J2144 is an ideal target to search for the thermal
emission from its surface and constrain its temperature.
Nonetheless, J2144 has never been detected outside of
the radio band. Optical observations with the VLT
and X-ray observations with XMM-Newton placed up-
per limits on the surface temperature of T < 2.3×105 K,
when assuming that the emission comes from the entire
surface (Tiengo et al. 2011). These authors also reported
non-detections with the Extreme Ultraviolet Explorer
(EUVE; Bowyer & Malina 1991) and with the Galaxy
Evolution Explorer (GALEX; Martin et al. 2005).
Here, we discuss the analysis of the deep optical and
FUV observations of J2144 performed by HST, and
present the upper bounds placed on the surface temper-
ature of this old isolated pulsar. We present the data
processing, analysis, and results in Section 2, 3, and 4,
respectively. In Section 5, we discuss the implications
of this pulsar’s surface temperature upper bound in the
context of reheating mechanisms of old NSs.
2. OBSERVATIONS AND DATA PROCESSING
Our HST program (#13783, PI: Pavlov) for J2144
consisted of five orbits in the optical and FUV bands
(Table 1). For the former, we have used the Wide Field
Camera (WFC3), with the extremely wide F475X fil-
ter in the ultraviolet-visible (UVIS) channel. For these
exposures, the pulsar position was placed close to the
detector readout (∼ 15′′ from a corner) to limit the
contaminating effects of charge transfer efficiency losses
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Figure 1. UVIS F475X image of the field around the po-
sition of pulsar PSR J2144–3993. In the inset image, the
ellipse shows the 2σ uncertainty around the position listed
in Table 2. The pulsar is not detected in this image.
(which reduces the sensitivity for faint objects). The
FUV exposures were obtained with the Solar Blind
Channel (SBC) detector of the Advanced Camera for
Surveys (ACS) with the F125LP and F140LP long-pass
filters. For these exposures, the pulsar position was cen-
tered on the detector. To limit the effect of strong geo-
coronal emission lines (∼ 1400A˚), we alternatively used
the F125LP filter in the Earth’s shadow and the F140LP
filter outside the Earth shadow. For comparison of the
throughput of the filters, see Figure 1 of Rangelov et al.
(2017).
The data were downloaded from the Mikulski Archive
for Space Telescopes1 (MAST) and processed with the
DrizzlePac package (version 2.1.13, provided in the As-
troconda PYTHON distribution). For the F475X data,
the calibrated individual images (flt) were first co-
aligned using the Tweakreg task, where we adjusted the
parameters to minimize the residuals of the frame-to-
frame point source offsets, indicating the optimal align-
ment of the frames. For the FUV data, not enough
sources (< 5) were detected to perform the coalignment
with Tweakreg. However, visual inspection of the avail-
able flt files confirms that their World Coordinate Sys-
tem (WCS) appear sufficiently well coaligned. Following
this, the standard AstroDrizzle task was executed on
the sets of frames from each filter to correct for geomet-
ric distortion, remove cosmic rays, subtract the sky (if
applicable), and combine the frames into a single image.
The astrometric solution of the merged F475X image
was then improved using the GAIA DR1 Catalog (Gaia
Collaboration et al. 2016a,b). While 15 cataloged ob-
jects fall within the field of view of the F475X image,
we excluded a few saturated or possibly extended ob-
1 http://archive.stsci.edu/
jects, resulting in 11 objects used for astrometric cor-
rection. Using IRAF ’s task CCMAP, we obtained an
image aligned to the GAIA catalog, with root-mean-
square (rms) residuals of 0.′′0026 in right ascension (RA)
and 0.′′0067 in declination (DEC). We discuss below how
these residuals are added to other sources of uncertain-
ties affecting the pulsar position. Note that no proper
motion data were available for these catalog stars, but
because the epochs of observations of the GAIA catalog
(between MJD 56863 and MJD 57281) and of our HST
image do not differ by more than 8.4 months, the effects
of proper motions are likely to be negligible.
The FUV ACS/SBC images contain no cataloged
sources, and only two sources with counterparts in the
F475X image (one of which is an extended source).
Comparison of the positions of these two sources in the
F475X and FUV images reveals an offset of ∼ 0.′′4 in
RA and ∼ 0.′′9 in DEC. We correct the World Coordi-
nate System of the FUV images to align it to the F475X
image. We conservatively estimate the residual error of
this alignment to be ∼ 0.′′5.
3. ANALYSIS
In these processed images, we search for emission from
J2144 at its expected position at the time of the HST ob-
servations. The pulsar position and proper motion were
obtained from Very Long Baseline Interferometry obser-
vations (Deller et al. 2009), with reference epoch MJD
54100. Accounting for the source proper motion, we
calculated the pulsar coordinates for each of the epochs
of our observations. These positions are summarized in
Table 2. The uncertainties on these calculated positions
include the rms residuals from the astrometric correction
in RA and DEC (see Section 2), the uncertainties due
to the propagation of the pulsar proper motion uncer-
tainties, and the systematic uncertainties of the GAIA
catalog stars used for the astrometric correction (0.′′01,
Lindegren et al. 2016). These various sources uncertain-
ties are added in quadrature and reported in Table 2.
For the two FUV images, the estimated ∼ 0.′′5 resid-
ual error from the manual alignment dominates over the
other sources of uncertainties.
Figure 1 shows the F475X image and the expected
position of the pulsar. In the inset, the ellipse has a size
of 0.′′023 in RA and 0.′′024 in DEC, corresponding to
twice the astrometric uncertainties reported in Table 2
and Section 2. Visual inspection does not reveal any
source at the calculated pulsar position, nor does the
source detection algorithm (Python package photutils,
based on the daofind IRAF package), with a threshold
of 3σ. Similarly, there is no evidence of a source at the
4 S. Guillot et al.
Table 2. Positions of PSR 2144–3933 at different epochs
Epoch (MJD) Data RA (α) DEC (δ) µα (mas/yr) µδ (mas/yr)
54100 VLBI 21:44:12.06040(5) −39:33:56.8850(3) −57.89(88) −155.90(54)
57118 UVIS 21:44:12.019(1) −39:33:58.174(12) – –
57211 SBC 21:44:12.018(43) −39:33:58.214(500) – –
57224 SBC 21:44:12.018(43) −39:33:58.219(500) – –
Note—The numbers in parentheses represent the uncertainties in the last digit(s), with all sources of uncertainties included
(see Sections 2 and 3 for details). Since the SBC images are stacked (for each of the two filters) and aligned with respect to
the first SBC image as reference, we used the MJD 57211 position.
Figure 2. F125LP (left) and F140LP (right)images obtained around the position of pulsar PSR J2144–3993. These images
have been manually aligned to the F475X image (Figure 1) using the two sources detected to the north and east of the pulsar
position. The circle size represents the estimated residual uncertainty of 0.′′5. The pulsar is not detected in these images.
pulsar position in the two FUV images (F125LP and
F140LP, Figure 2).
We therefore calculate bounds on the minimum de-
tectable fluxes at the pulsar position for each of the three
HST images. To do so, we define the upper bounds
Cub on the count rate as Cub = Cpos − C¯bkg + nσbkg
(see Kashyap et al. 2010), where Cpos is the measured
count rate at the position of the pulsar, C¯bkg and σbkg
are the mean and standard deviation of the background
count rate, and n determines the significance of the up-
per bound we calculate. We use the term upper bound
rather than upper limit, according to the discussion of
Kashyap et al. (2010).
The sizes of the extraction regions used to measure
Cpos were chosen by identifying on each image the ex-
traction radius that maximizes the signal-to-noise ra-
tio (S/N), using a nearby detected faint point source.
For the F475X image, the optimal extraction radius is
rextr = 0.
′′126 (3.14 pixels), corresponding to 75% en-
closed energy fraction2 φE, and the extraction circle to
measure Cpos is centered on the calculated position (see
Table 2), since the error on the latter is smaller than the
extraction region. In the FUV band with the ACS/SBC
instrument, the optimal radius is rextr = 0.
′′15 (6 pixels;
φE = 57%) for the F125LP filter, and rextr = 0.
′′187 (7.5
pixels; φE = 62%) for the F140LP filter
3. In both FUV
images, the error circle (0.′′5 radius) is larger than the
optimal extraction circles. Therefore, we measure Cpos
from the extraction circle placed at the position within
the error circle that maximizes the Cpos value.
We estimate C¯bkg and σbkg from a collection of back-
ground circular regions of size rextr (see above, and Ta-
ble 3). The F475X image exhibits a large-scale back-
ground gradient. Therefore, ∼ 100 non-overlapping
background regions are randomly selected along a line
2 The enclosed energy fraction for WFC3/UVIS is available at
http://www.stsci.edu/hst/wfc3/analysis/uvis ee/#Tables.
3 The enclosed energy fraction for ACS/SBC is available at
http://www.stsci.edu/hst/acs/documents/isrs/isr1605.pdf.
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Table 3. Count rates and mean flux density upper bounds of PSR J2144–3933.
Image λpiv texp rextr φE Cpos C¯bkg σbkg Cub Pν fν, ub
(filter) (A˚) (s) (′′) (%) (cts/ks) (cts/ks) (cts/ks) (cts/ks) (nJy ks/cts) ( nJy)
F475X 4940 2552 0.126 75 −14.0 −35.7 37.8 135.1 0.126 22.7
F125LP 1438 7390 0.15 57 3.0 2.1 0.64 2.82 1.19 5.9
F140LP 1528 2466 0.187 62 4.9 3.6 1.47 5.71 2.12 19.5
All count rates are provided for the extraction radii rextr. Cpos is the count rate at the pulsar position. C¯bkg and σbkg are the
mean and standard deviation of the background. Cub is the count rate upper bound given by Cub = Cpos − C¯bkg + nσbkg, for
n = 3 (see Section 3). fν, ub is the aperture-corrected upper bound, using the encircled energy fraction φE on the mean flux
density for the conversion factors Pν and the pivot wavelength λpiv of each filter.
of constant background, and passing through the pulsar
position. Using photutils, we obtain the sum of counts
in each of these regions and calculate the mean C¯bkg and
standard deviation σbkg needed to obtain Cub. Outliers
(4 standard deviations in excess of the average count
rate) of these randomly selected regions are excluded as
they may correspond to the location of real sources. This
procedure is repeated 200 times, each with ∼ 100 ran-
domly generated regions, to verify that C¯bkg and σbkg
do not vary significantly between trials. Finally, we also
perform some trials by moving the “background line”
end points by about ±1′′, but still passing through the
pulsar position, to be convinced that the choice of this
line does not significantly affect C¯bkg and σbkg. For the
F125LP and F140LP images, which do not show a back-
ground gradient, the 100 background regions are chosen
within about ±15′′ of the pulsar position. The rest of
the procedure to calculate σbkg is the same as for the
F475X image.
In the remainder of this work, we choose n = 3 and
therefore report 3σ upper bounds on the count rate and
flux. Section 4 describes how these count rates are con-
verted into flux upper bounds in the three bands and
into a temperature upper bound for J2144.
Finally, we note that the structure north of the pul-
sar position was reported as a galaxy with a “somewhat
patchy morphology” based on observations with the FO-
cal Reducer/low dispersion Spectrograph (FORS2) at
the VLT (Tiengo et al. 2011). The higher angular reso-
lution provided by our HST image confirms the irregular
morphology of this object, likely to be a barred galaxy
with asymmetric arms.
4. UPPER BOUND ON THE PULSAR SURFACE
TEMPERATURE
Table 3 summarizes the upper bounds on the count
rates and on the mean flux densities that we obtained
following the method described in Section 3. To convert
count rates to mean flux densities, we use the conver-
sion factors Pν extracted from the PHOTFNU keyword
value in the header of the F475X data files provided
by the HST analysis pipeline; and from Pavlov et al.
(2017), derived from the PHOTFLAM keyword values,
for the F125LP and F140LP images (see values of Pν in
Table 3).
Our HST observations provide stringent bounds on
the flux densities in the FUV bands, shown in Figure 3.
In the optical band, we improved the detection limit
by about one order of magnitude over the FORS2 data
(Tiengo et al. 2011). As readily noticeable, our F125LP
flux density upper bound dominates the constraints on
the thermal emission.
To estimate the maximum surface temperature al-
lowed by these flux upper bounds, we model the pulsar
surface emission with a Planck function Bν(T∞) =
(2hν3/c2)[exp(hν/kT∞) − 1]−1, including extinction,
such that
fν =
(
R∞
d
)2
piBν(T∞)×10−0.4Aν . (1)
Here T∞ is the temperature inferred from the spectral
energy distribution observed by a distant observer, given
in terms of the blackbody (BB) temperature T measured
by an observer at the surface as T∞ = T/ (1 + z) =
T
(
1− 2GM/Rc2)1/2. R∞ is the corresponding “appar-
ent radius” inferred by the distant observer, defined as
R∞ = R (1 + z) = R
(
1− 2GM/Rc2)−1/2. In Figure
3, we assumed a distance d = 172 pc (Verbiest et al.
2010), as well as typical values for the NS coordinate
radius, R = 11 km, and mass, M = 1.4M, which yield
R∞ = 13.9 km.
For the extinction Aν in Equation 1, we used the ex-
tinction curves Aλ/AV of Clayton et al. (2003), extrapo-
lated for values between 2.3×1015 and 2.5×1015 Hz since
they are not defined above 2.3×1015 Hz (see their Fig-
ure 5). The amount of extinction/reddening is how-
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Figure 3. Flux density upper bounds obtained from ob-
servations of PSR J2144–3933 with the HST (blue; results
reported in this paper) and the VLT (orange; Tiengo et al.
2011), together with the hottest allowed Planck spectra, for
two choices of the reddening E(B − V ) = 0.0 (red solid
line) and E(B − V ) = 0.06 (green dashed line), yielding
T = 31, 950 K and T = 36, 250 K, respectively. These are in-
ferred temperatures at the NS surface, corrected for gravita-
tional redshift assuming a NS mass M = 1.4M, coordinate
radius R = 11 km, and distance d = 172 pc.
ever rather uncertain. The radio dispersion measure
of J2144 is DM = 3.35 pc cm−3 (D’Amico et al. 1998),
which corresponds to a neutral hydrogen column den-
sity NH = 1.0×1020 cm−2 using the relation of He et al.
(2013). This value of NH is not too dissimilar from
the estimate obtained from a neutral hydrogen map4:
NH = 2.0×1020 cm−2 (Kalberla et al. 2005) at the
Galactic coordinates of J2144: l = 2.79◦, b = −49.47◦.
In addition, using the relation betweenNH and E(B−V )
of Gu¨ver & O¨zel (2009), we find E(B − V ) = 0.015
or 0.03, for the two values of NH mentioned above.
Furthermore, Galactic dust and extinction maps5 give
E(B − V ) = 0.028 − 0.033 in the direction of J2144
(Schlegel et al. 1998; Schlafly & Finkbeiner 2011), con-
sistent with the other values. We note that neutral H
maps and Galactic dust and extinction maps provide es-
timates of the total integrated line-of-sight values, and
therefore represent an upper limit to the NH for a nearby
object like J2144. Finally, the 3D extinction map of
Lallement et al. (2014) gives E(B − V ) = 0.016± 0.016
for a distance of d = 175 pc. Given the uncertainties in
the relations mentioned above, we use a very conserva-
tive range E(B − V ) = 0.00 − 0.06 for our calculations
and show the two extrema in Figure 3. In Equation 1
4 Using the HEASARC tool nH Column Density at heasarc.gsfc.
nasa.gov/Tools/generaltools.html.
5 Available at NASA/IPAC, irsa.ipac.caltech.edu/applications/
DUST/
Figure 4. Upper bounds on the unredshifted BB tempera-
ture imposed by the F125LP flux upper bound as a function
of extinction E(B − V ). The solid and dashed lines were
obtained for 157 pc and 192 pc, the lower and upper values
of the 1σ confidence interval of the distance (Verbiest et al.
2010), respectively. The red and cyan colors correspond to
NS radii of 10 and 13 km, respectively. The maximum sur-
face BB temperature allowed by the chosen parameters is
42,000 K. These curves were obtained assuming a NS mass
of 1.4M.
and throughout this work, the assumed visual extinc-
tion to reddening ratio is AV /E(B − V ) = 3.1 (Schultz
& Wiemer 1975).
Figure 3 shows the observational upper bounds on the
flux in various bands, together with the unabsorbed and
absorbed Planck functions for E(B−V ) = 0 and 0.06, in
each case at the temperature yielding our upper bound
on the F125LP flux, T = 31, 950 K and T = 36, 250 K,
respectively. It can be seen that there are very minor
differences between the curves. Given the upper bounds
on the F125LP flux density, a larger assumed extinction
permits accommodating a larger BB temperature.
A non-thermal component (presumably of magneto-
spheric origin) is often observed in the optical-UV spec-
tra of pulsars (e.g. Kargaltsev & Pavlov 2007; Mignani
2011). Considering the possibility of non-thermal emis-
sion by adding a power-law component would decrease
the contribution of the thermal component to the total
source flux, thus also decreasing the BB temperature
upper bound deduced from our analysis. In this sense,
the temperature upper bounds we obtain by assuming
a single thermal component are the most conservative
estimates. Similarly, considering the contribution from
the Rayleigh-Jeans tail of the thermal emission of small
(tens to hundreds of meters emitting area), but much
hotter polar caps (∼ 106 K) would also have the effect of
reducing the maximum temperature allowed for the bulk
surface emission. We note that the polar cap sizes and
temperatures constrained by the X-ray limits of Tiengo
et al. (2011) would contribute ∼ 20% (for the 500-m
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5×105 K polar cap) or < 0.1% (for the 10-m 1.9×106 K
polar cap).
We also explore the different temperature bounds
given by our data for a range of possible distances and
NS radii. Indeed, the distance to J2144 is measured
from radio parallax with non-negligible uncertainties:
d = 172+20−15 pc (Verbiest et al. 2010). Similarly, the NS
radius is also uncertain since the equation of state of
dense matter is not yet known; typical values are ex-
pected in the 10–13 km range (e.g., Guillot 2016; O¨zel
et al. 2016; Steiner et al. 2018; Abbott et al. 2017). This
exploration of the parameter space is summarized in Fig-
ure 4, where the surface temperature upper bound is
shown as a function of extinction E(B − V ) for vari-
ous distances and radii. As expected from Equation 1,
increasing the source distance means that a hotter NS
is needed to attain our measured flux upper bound,
whereas changing the NS radius has the opposite ef-
fect. Overall, the maximum temperature allowed by
the maximum possible distance, the minimum accept-
able NS radius, and the largest E(B − V ) considered is
T = 42, 000 K.
Assuming purely non-thermal emission (modeled with
a power-law model), we find that the F475X and F125LP
constrain the optical non-thermal luminosity to Lopt ∼
5×1026 erg s−1 at a distance of 172 pc; using the range
4000–9000 A˚. With the very low spin-down power of
J2144, E˙ = 2.6×1028 erg s−1, we obtain an upper
bound on the magnetospheric optical efficiency ηopt =
Lopt/E˙ < 0.02, which is not an interesting constraint as
typical values for old pulsars are ηopt ∼ 10−5 (Zavlin &
Pavlov 2004).
5. DISCUSSION AND CONCLUSIONS
Our deep HST observations of the pulsar J2144 in
the optical and FUV bands resulted in upper bounds
on the flux densities. Using conservative assumptions
and a range of possible NS radii and distances, we find
that the surface temperature of this old NS cannot be
larger than 42,000 K, making it the coldest NS known.
This bound is driven exclusively by the non-detection
in the F125LP FUV band, the most restrictive of our
measurements.
The obtained upper bound also constrains the prop-
erties of reheating mechanisms proposed for old, non-
recycled, pulsars, especially when combined with our
recent temperature measurement for PSR B0950+08
(hereafter “B0950”; Pavlov et al. 2017), which requires
some heating mechanisms to explain its substantially
higher surface temperature, 130,000–250,000 K.
Figure 5 shows a selection of thermal evolution mod-
els for B0950 (upper panel) and J2144 (lower panel) un-
Figure 5. Thermal evolution models for PSR B0950+08
(upper panel) and PSR J2144-3933 (lower panel), con-
strained by the temperature measurement of Pavlov et al.
(2017) and the upper bound obtained in this work. The
model curves correspond to different scenarios involving di-
rect or modified Urca processes, with or without vortex fric-
tion in addition to rotochemical heating (see Gonzalez &
Reisenegger 2010 for a discussion), assuming M = 1.4M,
R = 10 km, a constant magnetic field (as measured for each
pulsar), a fast initial spin period, P0 = 1 ms, and a high
initial temperature, T0 = 10
11 K. Solid curves show the evo-
lution with rotochemical heating, either with only modified
Urca reactions (red brown) or with direct Urca reactions
(blue). The dashed curves include frictional heating due
to superfluid vortex creep (with excess angular momentum
J = 1044 erg s) in addition to rotochemical heating, again
with only modified Urca reactions (red brown) or with di-
rect Urca reactions (blue). In all cases, the possible effect of
Cooper pairing gaps on the Urca reactions is ignored. We
use the A18+δ v+ UIX* EOS (Akmal et al. 1998) for the
models with modified Urca reactions and the BPAL32 EOS
(Prakash et al. 1988) for those with direct Urca reactions.
der different scenarios, considering rotochemical heating
and vortex friction. Both processes depend on the spin-
down history of the NS, which is unknown in detail, so
we adopt a simple model of magnetic spin-down with a
constant dipole strength inferred from the present spin-
down parameters of each pulsar (B2 ∝ PP˙ ), which is
B = 2.4× 1011 G for B0950 and 1.9× 1012 G for J2144,
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so the latter pulsar spins down much more quickly, mak-
ing its temperature at late times lower, particularly for
rotochemical heating. The spin-down history still de-
pends on one free parameter, namely the rotation pe-
riod at birth, which we chose very short, P0 = 1 ms, for
both pulsars, leading to maximal rotochemical heating
(Gonzalez & Reisenegger 2010). For simplicity, we also
ignore the effects of Cooper pairing, which would intro-
duce a dependence on the largely unknown energy gaps
of neutrons and protons.
It can be seen that the rotochemical heating mech-
anism is consistent with the upper bound for J2144,
as it predicts lower temperatures, T ∼ 103.6 K and
T ∼ 104.2 K for direct and modified Urca reactions, re-
spectively, at the time the model star reaches the current
spin parameters P and P˙ of this pulsar (corresponding
to its inferred characteristic age τ ∼ 108.4 yr), even for
the very fast initial rotation assumed in our models, P0
= 1 ms. For longer (and thus likely more realistic) initial
spin periods, the chemical imbalance caused by spin-
down will be smaller, therefore even cooler tempera-
tures would be obtained (Gonzalez & Reisenegger 2010).
However, as pointed out before (Pavlov et al. 2017),
this mechanism alone (and without large Cooper pairing
gaps) can only explain the higher temperature of B0950
if the initial rotation is extremely fast (P0 < 10 ms) and
no direct Urca reactions are allowed.
As also seen in Figure 5, the addition of vortex
friction causes the thermal evolution curves with di-
rect and modified Urca reactions to converge beyond
∼ 107 yr, because photon emission becomes the main
cooling mechanism compensating for the frictional heat-
ing. With this mechanism, the heat released is propor-
tional to the excess angular momentum J of the su-
perfluid component. The curves shown correspond to
the maximum value of J permitted by our temperature
upper bound for J2144, J = 1044 erg s, which is also
compatible with the measurement for B0950.
Overall, the model constraints derived from our upper
bound on the surface temperature of J2144 are consis-
tent with those obtained for B0950. A more extensive
study of the parameter space of possible reheating mech-
anisms including the possible presence of Cooper pairing
gaps and considering all the available observations and
constraints on thermal emission from old NSs will be
presented in a forthcoming paper (Rodr´ıguez et al., in
preparation).
It is important to keep in mind that some caveats
remain; however they should not change the main con-
clusions of this work:
• We have used Planck functions to fit the thermal
emission of J2144 and those of the other two pul-
sars we studied, PSR J2124–3358 (Rangelov et al.
2017) and PSR B0950+08 (Pavlov et al. 2017).
However, it has been suggested that NSs may pos-
sess a single-composition atmosphere; usually, hy-
drogen or helium (e.g., Zavlin et al. 1996; Shibanov
et al. 1992), although carbon is also possible (Ho
& Heinke 2009; Klochkov et al. 2013). Iron atmo-
sphere models have also been proposed (Rajagopal
& Romani 1996; Zavlin et al. 1996). Realistic mod-
els of NS atmospheres ought to be used when fit-
ting the spectra of NSs. For J2144, one would
need to use low-temperature NS atmosphere mod-
els, considering partial ionizations and possibly
plasma effects, which is beyond the scope of this
paper. Alternatively, the possibility exists that no
atmosphere remains at such low effective tempera-
tures and strong magnetic fields. If this is the case,
the emission from the solid (or perhaps liquid) NS
surface would have to be considered.
• In the thermal evolution modeling, we assumed
magnetic dipole spin-down with a constant dipole
moment (inferring its value from the present P
and P˙ ) and thus a braking index n = 3, and with
a very fast initial spin period, P0 = 1 ms. For
MSPs, it has been shown that the rotochemical
heating process should have reached an equilib-
rium state in which the chemical imbalance and
temperature are set by the current spin param-
eters P and P˙ (Reisenegger 1995; Ferna´ndez &
Reisenegger 2005). However, somewhat younger
pulsars like J2144 could still be radiating away
the chemical energy accumulated during its ear-
lier spin-down, therefore its current temperature
depends on its initial spin period (Gonzalez &
Reisenegger 2010) and on possible deviations from
the simple spin-down law. This is not the case
for vortex friction, in which the balance between
heating and cooling occurs much faster than the
inferred age of this pulsar, therefore the expected
temperature depends only on the current P and P˙
(Gonzalez & Reisenegger 2010).
In summary, while our HST observations of PSR J2144–
3933 did not result in any detection, we significantly
improved the constraints over the previously published
flux upper bounds. In the optical, our F475X HST up-
per bound is a factor of at least ∼ 4× more constraining
than the VLT observations in the U , B and V bands. In
the far-UV, we improved the flux upper bound by a fac-
tor of ∼1000 over the GALEX measurements reported
in Tiengo et al. (2011). With these stringent bounds,
we constrained the surface BB temperature of J2144 to
HST non-detection of PSR J2144–3933 9
be less than 42, 000 K, compared to the previous upper
bound of ∼ 230, 000 K (Tiengo et al. 2011), assuming
emission from the entire surface of this old pulsar.
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